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1.  Introduction 
 
This chapter introduces the experimental research methods used to 
investigate the issues in the thesis. It introduces the selection of the clothing 
and work modes used and methods for measuring energy consumption and 
subjective responses. It also describes the experimental protocol and 
procedures. Finally a pilot study is described in detail. 
 
1.1  Research considerations 
 
The nature of the research requires participants to wear a range of 
protective clothing garments whilst performing different activities and for 
their metabolic rate to be measured and compared to their performance in a 
control suit. The testing environment needs to be cool to minimise any 
thermal effects on the metabolic rate. In subsequent experiments 
participants will be required to wear clothing of different weights, layers, 
materials etc. But there will always be a control to which the test garment 
can be compared back to in order to study the metabolic rate increase. 
 
1.2  Experimental design considerations 
 
 clothing : a range of protective clothing garments that are worn in 
industrial and military settings, with suitable underwear and footwear. 
A set of reference clothes to wear in the control condition, for 
example, cotton tracksuit trousers and sweatshirt with trainers. 
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 work modes : a range of activities that simulate some of the work 
tasks that would be carried out in industrial and military settings by 
those wearing protective clothing. 
 
 measurement of metabolic rate : a method of measuring metabolic 
rate accurately whilst participants are completing the work modes. 
 
 subjective responses : a set of scales to measure perceived 
exertion and thermal sensation of participants. 
 
 experimental area : an area must be established where the testing 
will take place. This area must have adequate space for the 
experimenter and participants and have a thermal environment in 
which temperature and humidity can be maintained at a steady state. 
 
 participants : will be recruited from the student body at 
Loughborough University. Participants to be healthy (as determined 
by Health Screen Questionnaire), within a normal height and weight 
range and have an active lifestyle (not sedentary).  
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2.  Equipment 
 
2.1  Clothing 
 
Due to the desire to test protective clothing ensembles from a range of 
industries and professions sourcing the garments proved a very time 
consuming process. Following a market survey and extensive conversations 
with manufacturers (Gore), representatives in industry (Tempex), military 
(Ministry of Defence) and fire departments (Leicestershire Fire Service), the 
garments were eventually sourced. Table 2.1 gives the garments details and 
the sources from which they were borrowed, donated or bought. Figure 2.1 
includes photographs of all the garments. 
 
Table 2.1. Clothing details and sources. 
 
Label (used 
in tables / 
graphs) 
Ensemble 
description Sourced from 
 
Garment details 
A  Workwear 
(insulated) 
Workwear suit 
with insulation 
donated by WL Gore 
and Associates GmbH 
(Germany) 
Jacket; Goretex 
workwear (medium), 
langjacke ID # 80. 
Conforms to EN 471, 
ENV 343, EN 533. Jacket 
included zip in fleece 
inner jacket. Trousers; 
Goretex workwear (extra 
large), latzhose ID #' 
8011796. 
B Grey fire Grey firefighters 
suit (jacket and 
trousers)  
borrowed from Leics 
Fire and Rescue 
Service (garments 
previously used) 
GLOBE firefighters suits 
(made in the USA). 
Garment meets NFPA 
1971 standard on 
protective ensemble for 
structural firefighting. 
C Workwear Workwear suit 
(jacket and 
trousers) 
donated by WL Gore 
and Associates GmbH 
(Germany) 
Goretex workwear by 
Bardusch. Jacket; size 
50-52 (1 chest pocket, 
lower pockets x 2). 
Trousers (dungaree style) 
size 50-52, 1 upper leg 
pocket, 1 lower leg 
pocket. 
D Gold fire Gold firefighters 
suit (jacket and 
trousers) plus 
gloves 
borrowed from Leics 
Fire and Rescue 
Service (garments 
previously used) 
Second hand, no details. 
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E Chemical  Chemical clean 
up suit  (jacket 
and trousers) 
from lab clothing stores Alpha Solway Chem 
master chemical 
protective clothing, 
conforms to EN 467 : 
1995. Jacket; model type 
CMJC, size medium. 
Trousers; model type 
CMTE, size medium. 
F ArmyNBC Army combat 
gear and NBC 
protection (jacket 
and trousers) 
plus gloves and 
overboots 
borrowed from DLO 
Caversfield, Ministry of 
Defence 
NBC Protective suit by 
Remploy Ltd. Jacket; Mk 
IV DPM smock size 
170/100 (height/breast) 
with hood, 2 chest 
pockets, I upper arm 
pocket. Trousers; Mk IV 
DPM size 180/100 
(height/breast) with 2 
thigh pockets and woven 
cotton braces. 
G Welding Welding 
protection 
clothing (jacket, 
apron and 
gaiters) 
bought new from Arco 
Leicester, 127 
Scudamore Rd, 
Leicester, LE3 1UQ 
Jacket; Arco Large 34" 
Chrome Leather Welders 
Jacket (1812505) with 
flame retardant velcro 
fastening. Apron; Arco 
38" x 24" Chrome 
Leather Split Leg Apron 
(1813000) with flame 
retardant velcro. Gaiters; 
Arco 14" Heat Resistant 
Leather Gaiter 
(1813400), chrome 
leather lined with velcro. 
H Coldsuit 
black 
Black coldstore 
suit (all in one 
suit) plus gloves 
donated by Tempex 
Industrial Safety 
Products Ltd. (garment 
previously worn) 
Tempex Protectline 
Coldstore Mentmore 
Range coverall rated to -
25. 6oz shell, fur collar, 
knitted cuffs, 2-way zips, 
knee length side zips, 
elasticated back.  
I Coldsuit 
green 
Green chill suit 
(jacket and 
trousers) 
donated by Tempex 
Industrial Safety 
Products Ltd. 
(discontinued line) 
Tempex Protectline 
Coldstore Mentmore 
Range jacket and 
trousers rated to -25. 
Jacket; 6oz tear resistant 
nylon shell, lock over fur 
collar, knitted cuffs, high 
rise zip baffle. Trousers; 
6oz shell, knee length 
side zips, adjustable 
braces, kidney guard. 
J Chainsaw Chainsaw 
protection 
clothing (jacket 
and trousers) 
bought new from Arco 
Leicester, 127 
Scudamore Rd, 
Leicester, LE3 1UQ 
Jacket; Oregon Extreme 
Protective Chainsaw 
Jacket 111119. Size 
medium. Restriction to 
chainsaw cutting, Class 
O - chain speed 16m/s. 
Conforms to prEN 381-
11. Trousers; Oregon 
Extreme Chainsaw Type 
C (protection covering all 
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around leg) Wet Weather 
Trousers p/n 111047. 
Size large. Restriction to 
chainsaw cutting, Class 
1,chain speed 20m/s. 
Conforms to EN 381-5. 
K ChemBio Dutch Chem Bio 
clothing (jacket 
and trousers) 
borrowed from TNO 
Soesterberg, The 
Netherlands 
No details. 
L ArmyVEST Army combat 
gear and body 
armour (vest) 
borrowed from DLO 
Caversfield, Ministry of 
Defence 
Cover combat body 
armour l/w Mk 1 UN blue 
(size 180/100, 
height/chest) to be used 
with filler combat armour 
l/w Mk 1. Dashmore 
Clothing Ltd. 
M ArmyH2O Army combat 
gear and 
waterproof jacket 
borrowed from DLO 
Caversfield, Ministry of 
Defence 
Jacket; liner, DPM, MVP 
size 180/104 
(height/chest). 
N Mountain 
rescue 
Mountain rescue 
(jacket and 
trousers) 
donated by WL Gore 
and Associates GmbH 
(Germany) 
Jacket; Save Pro Life 
size 48 (hood, side 
pockets x 2 and chest 
pockets x 2). Trousers; 
Save Pro Life size 50, full 
length side zips and 
velcro storm flaps. 
 Work trousers bought new from Arco 
Leicester, 127 
Scudamore Rd, 
Leicester, LE3 1UQ 
Work King 9oz Trousers 
Navy Regular Leg, sizes 
44" and 46". 
 Sweatshirt from lab clothing stores Fruit of the Loom 
sweatshirt, 70% cotton, 
30% polyester 
 T-shirt bought new  Kustom Kit t-shirt, 100% 
cotton 
 Tracksuit trousers bought new  Originals, 65% polyester, 
35% cotton 
 Army thermals borrowed from DLO 
Caversfield, Ministry of 
Defence 
Top; vest W U/W, chest 
92-99cm. Bottoms; 
drawers winter 
underwear olive, size 97-
108cm 
 Army trousers borrowed from DLO 
Caversfield, Ministry of 
Defence 
DPM combat lightweight 
size 85/100/116 
(leg/waist/seat) with thigh 
pockets x 2 and back 
pocket x 1 
 Army Norwegian 
shirt 
borrowed from DLO 
Caversfield, MOD 
Shirt, man's, field, 
extreme cold weather. 
Size 100. 
  
 
 
 
_______________________________________________________________ 
Methodology 
6
Figure 2.1. Photographs of protective garments. 
   
A Workwear (insulated)        B Grey fire                           C Workwear       
 
   
D Gold fire                               E Chemical                          F ArmyNBC 
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G Welding                               H Coldsuit black                   I Coldsuit green 
 
                                         
J Chainsaw                                K ChemBio                          L ArmyVEST 
 
Photo not 
available 
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M ArmyH2O                          N Mountain rescue             Tracksuit trousers / sweatshirt 
 
   
Work trousers / t-shirt         Army thermals                   Army trousers / Norwegian shirt 
   
 
As can be seen in Figure 2.1 the garments selected were realistic protective 
ensembles and served to protect the wearer from a range of hazards. As the 
functions of the protective garments differed (e.g. protection from fire, cold 
or chemicals) so did their weight, insulation, material and design. So in 
selecting garments from such a range of industries, further analysis could be 
_______________________________________________________________ 
Methodology 
9
made of the contribution to any measured increase in metabolic cost of 
garment bulk, weight, stiffness etc.  
 
As it proved very difficult to establish and acquire the exact undergarments 
and footwear that would be worn with each protective ensemble, it was 
decided to use a standard package of cotton work trousers and a t-shirt, and 
army boots (a range of sizes were borrowed from the Load Carriage Lab 
within the department). The only exception to this was with the army 
ensembles which were worn with the correct underwear / base layers.  
 
In order to establish if the protective garments had a significant effect on the 
metabolic rate of the wearer, the results when wearing the protective 
ensembles would have to be compared to a control condition. The control 
clothing needed to allow full freedom of movement, be comfortable and 
comprise of one layer. The options were shorts or tracksuit trousers and a t-
shirt or sweatshirt. Shorts and a t-shirt are often used in studies but as the 
environment would be cooled to minimise thermal effects whilst wearing the 
protective ensembles, tracksuit trousers and a sweatshirt were worn by the 
participants to ensure they did not find it too cold and to protect their knees 
during the obstacle course. 
 
2.2  Work modes 
 
A number of work modes had to be defined that would simulate the sort of 
work demands made on the protective clothing when worn in the field. Many 
of the studies reported in the literature used very simple tasks e.g. walking 
and stepping, or very specific tasks to the clothing e.g. firefighters dragging 
a dummy, unrolling a hose, climbing a ladder. As garments from such a wide 
range of industries were to be used in the present work and as typical work 
in the clothing used required quite diverse tasks, ranging from firefighting, 
tree cutting and welding, it was difficult to decide on the tasks to be carried 
out. In order to compare the garments, the tasks would have to be the same 
for all garments, involve upper and lower body work, carried out in the lab, 
not in the field, with the speed controlled.  
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Walking and stepping were to be used to allow comparison of the results to 
the literature. A number of speeds / stepping rates were piloted based on 
reports in the literature. 3.5 and 5 km/hr treadmill walking and 25 steps/min 
on a 20 cm aerobic step were used, photos can be seen in Figure 2.2. 
 
Figure 2.2. Photographs of piloted work modes, walking and stepping. 
 
 
    
 
 
Finally a work mode that required the upper body was considered. Using an 
arm ergometer was dismissed as it was felt the action was not 
representative of normal work movements. The ‘ideal’ task needed to force 
participants to use their arms and shoulders but also incorporate some 
twisting of the trunk in order to stress the clothing. For a pilot study 
participants were required to move plastic crates containing 5 kg across a 
room and place them / pick them up from 3 levels (the floor, a table 72.5 cm 
high and another table 145 cm high), this was rotational and repeated with 
the speed controlled by a metronome, photographs can be seen in Figure 
2.3. 
 
This work mode was developed following the pilot study to include stepping 
over and crawling under an obstacle. Two height adjustable wooden hurdles 
were made, they can be seen in Figure 2.4, details are provided in Table 
2.2. After piloting different heights it was decided to use a hurdle 55 cm 
high, which required participants to lift their legs over and another hurdle 
100 cm high, which required participants to crawl and bend their upper body 
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under. These heights increased the range of movement required of the 
participants and forced some more extreme movements e.g. kneeling down, 
crawling, higher leg lift to step over hurdle. 
 
The work modes were developed further for the later studies with the 
stepping combined with moving crates and going over and under hurdles, 
into a continuous obstacle course. Full details are provided in Table 2.3. 
 
Figure 2.3. Photographs of piloted work modes, moving crates. 
 
   
 
Figure 2.4. Photographs of piloted work modes, moving over and under hurdles. 
 
   
 
 
It was very important to control the speed of the participants when lifting 
crates and completing the obstacle course. Some studies have used total 
time to complete tasks, for example timing how long it took to complete in 
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each clothing ensemble. If this was then compared to the time it took in 
control clothing, one could look at performance decrements, assuming it 
would take longer in the heavier, bulkier, more restrictive garments. This 
method would probably result in greater effects seen between garments. 
However, this would make comparisons of metabolic rates very difficult and 
is not very realistic to work situations, except perhaps soldiers and 
firefighters who may be trying to complete tasks as quickly as possible. 
 
In this set of studies the intensity and speed of moving the crates and 
completing the obstacle course was controlled by a metronome and verbal 
counting.  This proved quite hard to do without disjointing the movements, 
as occurred if participants were instructed to step on every beep (from the 
metronome). Counting was employed to ensure the movements through the 
course were more fluid but still kept in time. Participants were given a 
demonstration of the activity with the metronome and counting and then 
given a chance to practice prior to the first condition. During the obstacle 
course they also started with moving the crates which followed the rhythm 
the easiest. The rate of the metronome and timing was also important as 
participants needed to reach a steady state. Pilot work showed that working 
them too hard warmed them up and created a cardiovascular drift in heart 
rate and meant it took longer for them to return to baseline resting 
conditions. By contrast if the movements were too slow the participants did 
not increase their V O2 significantly and could complete the movements with 
minimal effort. The rate eventually decided upon was 50 beeps a minute, or 
1 beep every 1.2 seconds. The counting was in 3’s, so 1 (1.2 secs), 2 (2.4 
secs), 3 (3.6 secs), 1, 2, 3, etc. Each obstacle took a 3 count to complete, 
moving a crate, walking to the steps, moving over the high step, moving 
over the steps, moving over the hurdle etc. these are shown in full in Table 
2.3. 
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Table 2.2. Details of equipment used in the obstacle course including photographs. 
 
Photographs Key used in floor 
plans 
Details 
 
 
 
 
 
 
 
 
 
 
LOW HURDLE 
- wooden hurdle 
- 55cm high 
- 90cm long  
 
 
 
 
 
 
 
HIGH HURDLE 
- wooden hurdle 
- 100cm high 
- 100cm long 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE 2 
- wooden table with 
metal legs 
- 120cm by 60cm 
- height of table surface 
from floor 82.5cm 
 
Table 1 (lower part) 
Table 3 (higher part)
 
 
 
 
 
 
 
 
 
 
 
TABLE 1 and 3 
- 2 wooden tables with 
metal legs (smaller 
one sits on top of 
larger one) 
- small table; 120cm by 
60cm 
- large table; 150cm by 
90cm 
- both tables 72cm high 
 STEPS 
- two stage wooden 
step 
- bottom steps x 2, 
20cm high, 80cm 
wide, 40cm depth 
- top step x1, 40cm 
high (20cm higher 
than bottom step), 
80cm wide, 80cm 
deep 
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Table 2.3. Full details of final obstacle course including timing in seconds; course 
description and photographs. 
 
Task  Count (cumulative time) 
Task description 
  
A  
Crates 
 
 1 (1.2 secs) Pick up Crate 1 
from Table 1  
2 (2.4 secs) Turn with Crate 1  3 (3.6 secs) Put Crate 1 
down on Table 2 
 
  
 1 (4.8 secs) Pick up Crate 2 
from Table 1  
2 (6 secs) Turn with Crate 2 3 (7.2 secs) Put Crate 2  
down on Table 2  
 
  
 
 1 (8.4 secs) Pick up Crate 1 
from Table 2 
2 (9.6 secs) Bend down 3 (10.8 secs) Put Crate 1 
down on floor 
1 
2
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 1 (12 secs) Pick up Crate 2 
from Table 2  
2 (13.2 secs) Bend down 3 (14.4 secs) Put Crate 2 
down on floor 
 
  
 
 1 (15.6 secs) Pick up Crate 
1 from floor 
2 (16.8 secs) Turn with Crate 1 3 (18 secs) Put Crate 1 
down on Table 3 
 
 
 
 1 (19.2 secs) Pick up Crate 
2 from floor 
2 (20.4 secs) Turn with Crate 2  3 (21.6 secs) Put Crate 2 
down on Table 3 
1
2
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 1 (22.8 secs) Pick up Crate 
2 from Table 3  
2 (24 secs) Lower Crate 2 3 (25.2 secs) Put Crate 2 
down on Table 1 
 
  
 
 1 (26.4 secs) Pick up Crate 
1 from Table 3 
2 (27.6 secs) Lower Crate 1 3 (28.8 secs) Put Crate 1 
down on Table 1 
Walk to 
steps 
   
 1 (30 secs) 2 (31.2 secs) 3 (32.4 secs) 
B 
Steps 
  
 1 (33.6 secs) Step up onto 
high step 
2 (34.8 secs) Step off 3 (36 secs) Step round 
1 
2 
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 1 (37.2 secs) Step onto 
lower step 
2 (38.4 secs) Step over middle 
step 
3 (39.6 secs) Step off 
C  
Hurdles 
 1 (40.8 secs) Step over low 
hurdle 
2 (42 secs) Trailing leg over 
hurdle  
3 (43.2 secs) Turn 
 
 
 1 (44.4 secs) Bend under 
high hurdle 
2 (45.6 secs) Stand up  3 (46.8 secs) Touch wall 
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 1 (48 secs) Crawl under 
high hurdle 
2 (49.2 secs)  3 (50.4 secs) Stand up 
 
 
 1 (51.6 secs) Step over low 
hurdle 
2 (52.8 secs) Trailing leg over 
hurdle 
3 (54 secs) Step up to 
steps 
 D  
Steps 
 
 1 (55.2 secs) Step onto 
lower step 
2 (56.4 secs) Step over middle 
step 
3 (57.6 secs) Step off last 
step and round  
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 1 (58.8 secs) Step up onto 
high step 
2 (60 secs) Second foot onto 
high step 
3 (61.2 secs) Step off 
Walk to 
crates 
   
 1 (62.4 secs) 2 (63.6 secs) 3 (64.8 secs) 
 
Details of all the equipment used in the obstacle course is included in Table 
2.2. Floor plans of the experimental set-up are included in the experimental 
chapters as the location of the experiments varied slightly. 
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2.3  Measuring energy cost 
 
A method for quantifying increased energy usage due to wearing the 
clothing was required. As has already been discussed in the literature 
review, changes in energy usage are reflected in heart rate, oxygen 
consumption and metabolic rate. There are a number of different methods 
for measuring these variables which vary in the level of detail they provide 
and accuracy of the results collected. The methods have been discussed in 
detail in the literature review. In summary, to insure the accuracy, a method 
of indirect calorimetry had to be considered. Metabolic rate can be 
calculated using indirect calorimetry, as measuring a person’s oxygen 
consumption and carbon dioxide production can give an indirect but 
accurate estimate of energy expenditure. The Douglas bag method 
(collecting expired air in large bags which is sampled for oxygen and 
carbon-dioxide post collection and then the volume of the bag measured) is 
still considered the gold standard method. However it can only provide an 
average value over the collection period and is not very practical when 
participants are moving around and going through an obstacle course.  
 
A number of automated breath-by-breath systems are now capable of 
producing highly valid and reliable measurements due to the quality and 
reduced sizes of gas analysers and modern flow-sensing devices 
(Macfarlane 2001). There is a growing number of systems on the market 
and of studies in the literature reporting their reliability. The lab was in a 
position to purchase one of these newer breath-by-breath systems so 
research was undertaken to investigate the leading systems. A review of the 
literature was conducted as well as discussing the pros and cons of a 
number of systems with other labs verbally and by posting on relevant 
discussion forums. Important requirements for the system to be purchased 
included a lightweight unit, as extra weight to be carried may inflate 
metabolic rate. The system also had to be worn comfortably over clothing 
and allow the wearer full range of movement. As the work modes would not 
all be stationary it was preferable that the system need not be tethered to a 
base unit or computer.  
_______________________________________________________________ 
Methodology 
21
2.4  Cortex MetaMax 3B  
 
A MetaMax 3B (Cortex, Germany) portable breath-by-breath system was 
purchased. It is a lightweight (600 grams) portable system that is worn in a 
harness around the shoulders and is available with a telemetry system that 
can be used in combination with a laptop. Prior to use in the testing it was 
evaluated against Douglas bags. This was achieved with 3 participants 
completing two 30 minute tests in the same session (rest/recovery period in 
between), one in which the Douglas bags were used to collect their expired 
air and a Polar belt and watch system worn for the heart rate data, and one 
in which the MetaMax was worn. Participants sat at rest for 6 minutes before 
completing three 8 minute stages on the treadmill at 3.5, 5 and 7.5 km/hr. 
These levels were set to represent the intensities of the walking and other 
activities required for the main testing. For both tests participants wore the 
MetaMax system in its shoulder harness, with the MetaMax mask used in 
the MetaMax test session and a mouthpiece and nose-clip used for the 
Douglas bag test, expired air was collected for the last 4 minutes of each 
stage. Data was analysed from the final 2 minutes of each stage.  
 
Figure 2.5 shows the V O2 results for the 2 systems over the different 
intensities and Figure 2.6 the data points for heart rate and V O2 with 
regression lines fitted for the 2 systems. The data shown in Figures 2.5 and 
2.6 show a very close relationship between the values recorded on the 
different systems. The data provided by the MetaMax system (recorded 
using a telemetry system) was accurate and reliable. 
 
Before every test period the MetaMax system was calibrated for pressure 
(atmospheric pressure reading), volume (using a 3 litre Hans Rudolph gas 
syringe) and gas concentration (using ambient air and a BOC calibration 
gas 4.04 % carbon dioxide, 16.13 % oxygen, 20.12 % argon and balanced 
with nitrogen). The MetaMax 3B is compatible with a Polar heart rate belt 
which was also worn by participants. Photographs of the MetaMax unit and 
calibration equipment can be seen in Figure 2.7. 
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Figure 2.5. Oxygen consumption data collected with Douglas bags and MetaMax at 
rest and over 3 different treadmill speeds. 
 
 
Figure 2.6. Heart rate and oxygen consumption data collected with Douglas bags and 
MetaMax fitted with regression lines. 
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a. MetaMax unit                             b. MetaMax unit, telemetry box and laptop 
  
c. Gas calibration                              d. Volume calibration with gas syringe 
 
Figure 2.7. Photographs of MetaMax and calibration equipment. 
 
 
2.5  Measuring subjective responses 
 
To complement the objective measures already discussed, subjective 
responses of ‘Rate of Perceived Exertion’ (RPE) and ‘Thermal Sensation’ 
(TS) were taken. One form of the Borg scale was used for RPE (taken from 
“Borg’s Perceived Exertion and Pain Scales” Human Kinetics, Champaign, 
IL). The ASHRAE Thermal Sensation scale was also used (taken from 
“Human Thermal Environments” Parsons 2003). A copy of the scales are 
included in Table 2.4. Responses were recorded after each work period. 
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  Table 2.4. RPE and TS scales used to measure subjective responses. 
 
 RPE scale    TS scale    
 
 
 
 
 
 
 
 
 
 
           
 
        
 
 
 
       
 
Figure 2.8. Photograph of Vaisala temperature and humidity probe connected to 
Squirrel logger to record environmental conditions. 
 
 
Rating Description 
 6 no exertion at all 
7 extremely light 
8   
9 very light 
10   
11 light 
12   
13 somewhat hard 
14   
15 hard (heavy) 
16   
17 very hard 
18   
19 extremely hard 
20 maximal exertion 
Rating Description 
7 Hot 
6 Warm 
5 Slightly warm 
4 Neutral 
3 Slightly cool 
2 Cool 
1 Cold 
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2.6  Measuring environmental conditions 
 
Data on the environmental conditions in the room in which the testing took 
place was measured by Vaisala HMP35DGT humidity and temperature 
probe which was connected to a 1000 series Squirrel meter/logger (Grant 
Instruments, Cambridge), shown in Figure 2.8. It was set to log the room 
temperature and relative humidity every 5 minutes, measured to 2 decimal 
places. 
 
2.7  Data acquisition 
 
The MetaMax 3B came with its own software Metasoft 2.6 which was 
installed on a Toshiba Tecra S1 laptop. The Metasoft program allowed 
participants to be monitored in real time. The MetaMax 3B could be used 
hardwired to the laptop or in a telemetry mode with a telemetry receiver 
connected to the laptop. On completion of each session, data could be 
exported into a Microsoft Excel file for analysis.  
 
The Squirrel data logger was downloaded using Filewise software and then 
exported to Microsoft Excel files for analysis. The subjective responses were 
recorded by hand. 
 
2.8  Data analysis 
 
The MetaMax data was exported into Microsoft Excel files for analysis. The 
values for metabolic rate were derived from the oxygen consumption (V O2) 
and respiratory exchange ratio (RER) raw data using the Weir formula, as 
shown in Equation 1. The RER is the ratio of the amount of carbon dioxide 
produced by the body to the amount of oxygen consumed. At rest it ranges 
from 0.6 to 1.0 depending on what fuels the body is using. 
 
Equation 1. 
  
2
0 *9.3*1.1min)/( VRERkcalratemetabolic   
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These metabolic rate values were then converted to watts (W) and watts per 
metre (W/m2) squared of body surface area, using the formulae in Equation 
2 and 3. 
 
Equation 2. 
    
60
4200*min/kcalratemetwattsratemetabolic   
Equation 3. 
    22/ mareasurfacebody wattsratemetmwattsratemetabolic   
 
The percentage increase in metabolic rate for each test garment from the 
control garment was based on Equation 4 below, with the control metabolic 
rate being the value measured in the same session as the garment 
metabolic rate.  
 
Equation 4. 
100100*% 


ratemetgarmentcontrol
ratemetgarmenttestincrease  
 
The exported Excel spreadsheet for the Squirrel datalogger gave a value for 
temperature and humidity every 5 minutes.  After each session the ambient 
conditions for the time period of testing were copied into a summary 
spreadsheet. At the end of a trial the average temperature and relative 
humidity was calculated as the average of all the time periods during which 
testing was carried out. 
 
 
2.9  Statistical analysis 
 
In order to establish if working in the protective garments significantly 
increased the metabolic rate above a control condition, single sample t-tests 
were carried out for each garment. Wilcoxon signed rank tests were carried 
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out on the subjective data. Issues of multiple comparisons were considered 
and will be discussed. 
 
2.10  Experimental area  
 
Details of the experimental set-up are included in each chapter as the 
location varied slightly between studies as more room became available in 
the lab. For all locations the ambient conditions were kept stable and cool 
with air-conditioning units. The ambient temperature needed to be kept cool 
to minimise any thermal effects on metabolic rate.   
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3.  Experimental design  
 
A within-subjects design with each participant acting as their own control, is 
used. It was decided to add a control condition to each session. The 
alternative would have been to run sessions at the same time of day, on 
consecutive days. However there is evidence of daily variation in metabolic 
rate and any differences due to clothing worn might have been lost in daily 
noise. Having a control in each session increased testing time and number 
of sessions per participant but provided a greater degree of reliability in the 
data collected. The order in which the participants completed all of the 
garments / conditions in each experiment was balanced, full details are 
given for each experiment in the relevant chapters.  
 
3.1  Procedure 
 
The general health and fitness of each participant was checked when they 
arrived at the laboratory before each session. The study was explained to 
them and they were shown the clothing and equipment. A demonstration of 
the work modes was also provided. They were also familiarised with the 
subjective scales. They were asked to fill out a Generic Health Screen 
Questionnaire and sign a Declaration of consent, a copy of which is included 
in Appendix 1. They were reminded of their right to withdraw from the 
experiment at any time without having to provide a reason. 
 
They were then provided with the first set of clothing to be tested and given 
time to dress and put on the heart rate monitor. Following instrumentation 
with the MetaMax, they sat at rest and data collection began. Once the 
resting time period had elapsed they began the first work mode. At the end 
of the work period subjective responses were recorded. 
 
Between conditions the MetaMax was removed and participants had time to 
rest and get changed for the next condition. The procedure was then 
repeated for the remaining conditions. At the end of the session, the 
MetaMax was removed and participants removed the final set of clothing. 
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4.  Safety 
 
4.1  Ethical clearance 
 
In order to obtain ethical clearance for the research, amendments were 
made to a generic protocol ‘Measurement of ventilated gas volumes, oxygen 
uptake and energy expenditure’ that had already been accepted. This was 
submitted to the Loughborough University Ethical Advisory Committee, the 
proposal was passed and cleared by the committee in May 2004, reference 
number G04/P2. 
 
4.2  Health Screen Questionnaire and Informed Consent  
 
Participants completed the ‘Generic Health Screen for Study Volunteers’ 
form before undertaking any testing. Participants were also given a 
comprehensive information sheet on the nature of the experiment, what 
would be required of them and the exact protocol. They were also given the 
opportunity to have a look round the laboratory and ask questions before 
any testing began. They were asked to sign a ‘Declaration of consent’ form. 
 
4.3  Withdrawal criteria 
 
All parts of the experiment were to be carried out at a sub-maximal intensity 
with heart rate and oxygen consumption continually monitored through the 
MetaMax output. Participants were made aware that some of the protective 
garments would be heavy and working in them they may cause them to get 
a bit hot and sweaty. The participants were of course reminded of their right 
to withdraw at anytime without having to give a reason.  
  
_______________________________________________________________ 
Methodology 
30
5.  Pilot study 
 
Extensive preliminary work was carried out to determine work modes, work 
intensity and duration. These have been detailed thoroughly in this chapter. 
Time was also spent learning how best to use the MetaMax system for the 
testing requirements. Much of this preliminary testing was carried out on a 
single participant. A pilot study was then conducted to try out work modes 
and timings.  
 
5.1  Participants 
 
Five participants (all female) took part in the pilot study. They were all 
volunteers drawn from the student population at Loughborough University. 
Their physical characteristics are detailed in Table 5.1.  
 
Participants were made fully aware in writing of all experimental details 
(including time demands, measurements to be taken, protocol and all other 
procedures). Before participating each was required to complete an 
‘Informed Consent’ form and a ‘Generic Health Screen for Study Volunteers’ 
which provided more information regarding their general health and fitness. 
 
Table 5.1. Participant details for pilot study. 
 
Participant no. Gender Age Height Weight 
  M / F years cm kg 
1 F 28 168 59 
2 F 24 169 68 
3 F 27 164 72 
4 F 25 150 59 
5 F 24 172 70 
Average + SD   25.6 + 0.2 164.6 + 8.6 65.6 + 6.2 
 
 
5.2  Clothing 
 
Four protective clothing ensembles were tested, a description and weight of 
the garments is provided in Table 5.2 below. Each was worn with cotton 
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tracksuit trousers and a t-shirt underneath (provided) and trainers 
(participants own). For the control conditions participants wore cotton 
tracksuit trousers and sweatshirt with trainers.  
 
Table 5.2. Clothing details for pilot study. 
 
Protective garments Underwear Footwear 
Total weight 
inc footwear
1. Navy firefighters suit (jacket and 
trousers)  
tracksuit trousers and t-shirt trainers 3.98kg  
2. Army NBC protection (jacket and 
trousers)  
tracksuit trousers and t-shirt trainers 2.66kg 
3. Workwear suit (jacket and 
trousers) 
tracksuit trousers and t-shirt trainers 3.39kg 
4. Mountain rescue (jacket and 
trousers) 
tracksuit trousers and t-shirt trainers 3.04kg 
Control tracksuit trousers and 
sweatshirt 
trainers 1.45kg 
 
5.3  Work modes 
 
Participants completed 4 work modes. The details of the work modes and 
the equipment used are provided in Table 5.3 below. The work modes 
lasted 8 minutes each separated by a 6 minute rest period. In the first 
session participants walked at 3.5 km/hr and then stepped and in the 
second session participants walked at 5 km/hr and then lifted crates 
containing 5 kg across a room and placed them / picked them up from 3 
levels (the floor, a table 72.5 cm high and another table 145 cm high), this 
was rotational and repeated, with the speed controlled by a metronome, see 
section 2.2 for more detail. 
 
Table 5.3. Details of work modes and equipment for pilot study. 
 
Work mode Details  Equipment used  
1. Walking 3.5 and 5 km/hr Tunturi T-track Gamma 300 
treadmill (Finland) 
2. Stepping 25 steps/min on a 20cm step, 
rate controlled by metronome 
Reebok Aerobics Step               
Birkbeck Laboratory Timer and 
Signal Source (metronome) 
3. Lifting two 
crates 
Lifting and moving two 5kg 
crates to/from different 
heights, rate controlled by 
metronome 
Tables 72.5cm high and 145cm 
high 
_______________________________________________________________ 
Methodology 
32
5.4  Measurements 
 
Metabolic rate was measured with a MetaMax 3B (Cortex, Germany) 
portable breath-by-breath system. Participants also wore a heart rate belt 
(Polar Electro, Finland) which was compatible with the MetaMax system. 
 
The environmental conditions in the testing room were measured by a 
Vaisala HMP35DGT humidity and temperature probe which was connected 
to a 1000 series Squirrel meter/logger (Grant Instruments, Cambridge).  
 
Subjective responses of ‘Rate of Perceived Exertion’ (RPE) and ‘Thermal 
Sensation’ (TS) were also recorded.  
 
5.5  Experimental design 
 
The experiment was a within-subjects design with each participant acting as 
their own control, the garment order was randomised. All test sessions were 
conducted at the same time of day and within 2 days of each other. Within 
each session participant completed the activities in the control clothing and 
wearing 2 protective garments. 
 
5.6  Results 
 
5 participants (all female, age 25.6+0.2 years, height 164.6+8.6 cm, weight 
65.6+6.2 kg) completed the test in 4 protective garments. The average 
environmental conditions for the room were 15.3+0.5 oC and 57+4 % 
relative humidity (RH).  
 
5.6.1  Absolute results 
 
The absolute values for all conditions (4 garments and control) are grouped 
according to work mode and shown in Tables 5.4 to 5.7. For each condition 
average and standard deviations are given for V O2, RER and metabolic rate 
(in kcal/min, W and W/m2). The averages and standard deviations for each 
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condition are based on the final 3 minutes data for each work period from 
each of the 5 participants. 
Table 5.4. Absolute results for pilot study when walking at 3.5 km/hr in control and 4 
protective clothing ensembles. 
 
WALK 3.5 km/hr   V O2 RER Met rate  Met rate  Met rate 
    [l/min]   [kcal/min] [W] [W/m2] 
control ave 0.70 0.85 3.4 236.0 138.0 
  SD 0.03 0.01 0.1 9.9 5.8 
army NBC ave 0.76 0.81 3.6 254.0 148.6 
  SD 0.08 0.05 0.4 27.8 16.3 
workwear ave 0.72 0.87 3.5 244.2 142.8 
  SD 0.07 0.04 0.3 23.6 13.8 
firefighter ave 0.72 0.85 3.5 244.8 143.2 
  SD 0.03 0.08 0.2 12.0 7.0 
mountain rescue ave 0.74 0.81 3.5 247.8 144.9 
  SD 0.05 0.04 0.2 17.5 10.2 
 
Table 5.5. Absolute results for pilot study when walking at 5 km/hr in control and 4 
protective clothing ensembles. 
 
WALK 5 km/hr   V O2 RER Met rate  Met rate  Met rate 
    [l/min]   [kcal/min] [W] [W/m2] 
control ave 0.92 0.85 4.4 310.8 181.8 
  SD 0.03 0.02 0.2 11.8 6.9 
army NBC ave 1.01 0.83 4.9 340.2 199.0 
  SD 0.10 0.11 0.4 29.5 17.3 
workwear ave 1.02 0.87 5.0 348.3 203.7 
  SD 0.10 0.05 0.5 33.4 19.5 
firefighter ave 1.02 0.81 4.9 341.9 199.9 
  SD 0.10 0.04 0.5 33.1 19.4 
mountain rescue ave 1.00 0.82 4.8 336.3 196.7 
  SD 0.12 0.02 0.6 42.5 24.9 
 
Table 5.6. Absolute results for pilot study when stepping in control and 4 protective 
clothing ensembles. 
 
STEPPING   V O2 RER Met rate  Met rate  Met rate 
    [l/min]   [kcal/min] [W] [W/m2] 
control ave 1.45 0.94 7.1 499.0 291.8 
  SD 0.04 0.01 0.2 14.6 8.5 
army NBC ave 1.54 0.91 7.5 527.2 308.3 
  SD 0.16 0.07 0.8 54.2 31.7 
workwear ave 1.47 0.96 7.3 508.8 297.5 
  SD 0.14 0.03 0.7 46.1 26.9 
firefighter ave 1.51 0.94 7.4 520.6 304.4 
  SD 0.12 0.06 0.6 43.8 25.6 
mountain rescue ave 1.55 0.91 7.6 531.7 310.9 
  SD 0.12 0.01 0.6 41.2 24.1 
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Table 5.7. Absolute results for pilot study when lifting crates in control and 4 
protective clothing ensembles. 
 
LIFTING   V O2 RER Met rate  Met rate  Met rate 
    [l/min]   [kcal/min] [W] [W/m2] 
control ave 1.29 0.87 6.3 438.3 256.3 
  SD 0.01 0.02 0.0 0.5 0.3 
army NBC ave 1.29 0.88 6.3 439.1 256.8 
  SD 0.13 0.09 0.6 44.8 26.2 
workwear ave 1.26 0.90 6.4 447.1 261.4 
  SD 0.13 0.04 0.6 44.5 26.0 
firefighter ave 1.33 0.85 6.4 450.7 263.6 
  SD 0.14 0.06 0.7 52.4 30.6 
mountain rescue ave 1.26 0.86 6.1 438.8 249.6 
  SD 0.22 0.03 1.1 76.0 44.5 
 
A summary of the absolute change in metabolic rate for all garments and all 
work modes from the control is shown in Figure 5.1. Looking at the work 
modes the changes in metabolic rate when walking at 5 km/hr compared to 
3.5 km/hr is much greater. Walking at 5 km/hr increased the metabolic rate 
by at least 25 W compared to the control in all garments. Stepping also had 
a large effect, with increases of over 20 W for 3 of the 4 garments. The 
largest change in metabolic rate when lifting compared to the control is seen 
in the firefighter suit, but is only 13 W and in the mountain rescue suit no 
change was recorded.  
 
The figures in the tables above are not the same as those that will be seen 
in Figures 5.2 to 5.6. The numbers in the tables are an average of for 
example the metabolic rate of all participants when walking wearing the 
mountain rescue garment. However the figures in the graphs take account 
of the specific control conditions measured in the same individual session as 
the test suit and are thus based on an average of each participants % 
increase data for the individual session. 
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Figure 5.1. Graph of absolute change in met rate (W) from control for all garments 
and all work modes. 
 
 
5.6.2  Metabolic rate results 
 
Overall results 
The percentage increases in metabolic rate have been plotted for the 4 
protective garments and the results are presented in Figures 5.2 to 5.6. The 
overall average percentage increase is shown first in Figure 5.2. So when 
working (walking, stepping, lifting crates) the Army NBC and Workwear 
garments significantly (p<0.05) increased the metabolic rate by 7 % and 6 % 
respectively when compared to a control condition in which lightweight 
cotton clothing was worn. The Firefighter and Mountain Rescue garments 
both increased the metabolic rate by approximately 4 % although these 
increases were not statistically significant.  
 
Walking results 
The results for walking at 3.5 km/hr and 5 km/hr are presented in Figures 
5.3 and 5.4 respectively. The only significant (p<0.05) result in Figure 5.3, 
walking at 3.5 km/hr was for the Army NBC ensemble with an increase of 8 
%. The increases in the other three garments were 5 % (Workwear) or 
below (Firefighter and Mountain Rescue). However when the walking speed 
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is increased to 5 km/hr much larger increases in the metabolic rate were 
recorded as illustrated in Figure 5.4. All of the garments caused increases in 
the metabolic rate of 6 % or above which were statistically significant 
(p<0.05). 
Figure 5.2. Overall average (n=5) percentage increase in metabolic rate when wearing 
protective clothing relative to the control condition during work (average of walking, 
stepping and lifting). Significance of p<0.05 indicated by *. 
 
 
Figure 5.3. Average (n=5) percentage increase in metabolic rate when wearing 
protective clothing relative to the control condition during walking at 3.5 km/hr. 
Significance of p<0.05 indicated by *. 
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Figure 5.4. Average (n=5) percentage increase in metabolic rate when wearing 
protective clothing relative to the control condition during walking at 5 km/hr. 
Significance of p<0.05 indicated by *. 
 
Stepping results 
Figure 5.5 illustrates the trend for the stepping work mode. The increases in 
the Army NBC and Workwear garments of just over 6 % and just under 4 % 
respectively, were significant (p<0.05). The Firefighter garment with an 
increase of 4 % narrowly missed significance (p<0.07) and although the 
Mountain Rescue garment had an average increase of almost 6 %, the 
increase was not significant due to a high standard deviation. 
 
Figure 5.5. Average (n=5) percentage increase in metabolic rate when wearing 
protective clothing relative to the control condition during stepping. Significance of 
p<0.05 indicated by *. 
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Lifting results 
The lifting task had no significant effect on the metabolic rate of participants, 
as can be seen in Figure 5.6, with much smaller increases than the other 
work modes. The Mountain Rescue garment did not show any increase 
above resting and the largest increase was only 3 % for the Army NBC 
ensemble. 
 
Figure 5.6. Average (n=5) percentage increase in metabolic rate when wearing 
protective clothing relative to the control condition when lifting crates. Significance 
of p<0.05 indicated by *. 
 
 
5.6.3  Subjective results  
 
Rate of perceived exertion results 
Two subjective measures were also recorded in the final minute of each 
work period. Figure 5.7 illustrates the Rate of Perceived Exertion responses, 
the scale ranges from 6, no exertion at all, to 20, maximal exertion, however 
responses recorded during this experiment only ranged from 9, very light, to 
13, somewhat hard, hence the abbreviated scale on the y-axis of Figure 5.7.  
 
Both walking speeds were perceived on average as very light by the 
participants, with a marked increase in subjective rating when stepping and 
lifting crates. The 8 minutes of stepping at a rate of 25 steps/min was 
perceived as much harder by the participants and having to move the crates 
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up and down with 5 kg in them also increased the subjective rating. When 
wearing the protective garments the subjective ratings were also elevated 
compared to the control as can be seen by the coloured lines in Figure 5.7. 
Stepping and walking at 5 km/hr required a higher subjective effort 
compared to the control condition than walking at 3.5 km/hr and lifting 
crates, although none of the increases were significant. 
 
Overall the highest subjective ratings were recorded when participants were 
wearing the fire suit. For the walking the army suit showed the smallest 
perceived increases in exertion required compared to the control. 
 
Figure 5.7. Rate of perceived exertion results for all 4 work modes in all clothing 
conditions. 
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sensation overall. Stepping in the fire garment caused participants to rate 
their thermal sensation significantly (p<0.05) higher than in the control 
condition. 
 
Figure 5.8. Thermal Sensation results for all 4 work modes in all clothing conditions. 
 
 
5.7  Summary 
 
The main points to come out of the pilot study revolved around the work 
modes, many of the subsequent changes have been discussed earlier in 
this chapter. In summary, particularly important was the finding that walking 
at 5 km/hr promoted a significant increase in metabolic rate in all garments 
compared to only one significant result walking at 3.5 km/hr. The lifting task 
employed in the pilot did not promote any significant increase in metabolic 
rate when wearing any of the 4 garments. These findings led into further 
development of the work modes for the main testing, as detailed earlier. 
 
Practice in explaining the procedures and putting on / taking off the 
MetaMax mask and unit was also invaluable.  
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5.8 Discussion of sensitivity of metabolic rate measurement 
 
The percentage increase in metabolic rate for 4 garments from a control 
condition across 4 work modes in the pilot ranged from 0 % for the lifting 
task in the Mountain Rescue garment to 12.5 % walking at 5 km/hr in the 
Workwear garment. There were a number of statistically significant (p<0.05) 
results. When an overall average percentage increase in metabolic rate was 
considered, the increases of 6 and 7 % in two garments were significant 
(p<0.05) with the 4 % increases in the other 2 garments not reaching 
significance. For the walking work modes, percentage increases greater 
than 6 % were statistically significant (p<0.05) with the 5 % or below 
increases not reaching significance. In the stepping work mode an increase 
of 3.6 % compared to the control was statistically significant (p<0.05) but in 
the lifting work mode none of the results (increases of 3 % or less) could be 
proved significant.  
 
The threshold for significance, due to the sensitivity of the method used is 
therefore assumed to be in the region of 3-4 %, for 5 participants. 
Consequently any effects smaller than approximately 3 % are likely to be 
lost in the noise and not show up significant. Greater subject numbers will 
be used in the main studies of this thesis and may improve the level of this 
threshold.  
 
The results of the pilot study were all positive, i.e. increases in metabolic 
rate, apart from the no change for the Mountain rescue garment during the 
lifting work mode. If the non-significant increases observed would occur 
purely by chance, one would expect these results to be randomly scattered 
above and below zero. This however was not the case. Thus, despite the 
lower observed increases not reaching statistical significance, it can be 
assumed that the trend of a systematic positive difference from the control 
illustrates a realistic effect, even for these low values.   
 
The signal to noise ratio in this testing, represented here in this within-
subjects experiment as the effect size in relation to the day to day variation 
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in metabolic rate for each individual person is crucial to the statistical power 
of the test.  
 
Intra-individual coefficients of variation (CV) in metabolic rate for repeated 
measurements have been reported in the region of 0.4 to 7.2 % (Murgatroyd 
et el. 1987, Fredrix et al. 1990, Adriaens et al. 2003). In the most recent 
paper by Adriaens et al. (2003) mean within-subject CV in metabolic rate for 
three measurements with 2 week intervals was found to be 3.3 %, 
representing the expected noise levels in the experiment. In contrast the 
mean inter-individual CV in metabolic rate was reported to be 18 %.  
 
The within-subjects design of the studies in this thesis, requirement for 
participants to attend the lab at the same time of day for all of their sessions 
and written instructions to eat, sleep and exercise as normal and refrain 
from alcohol, caffeine and smoking 12 hours before testing, were all planned 
to minimise the average variations in metabolic rate, which may increase the 
noise of the data. 
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